The acquisition of accurate channel state information at the transmitter (CSIT) is a difficult task in multiple-input multiple-output (MIMO) systems. Partial CSIT is a more realistic assumption, especially for high-mobility mobile users (MUs) whose channel varies very rapidly. In this letter, we propose a MIMO two-way relaying (MTWR) scheme, in which the communication between the BS and a high-mobility MU is assisted by other low-mobility MUs serving as relays. This produces a beamforming effect that can significantly improve the performance of the high-mobility MU, especially for a large number of MUs and unreliable CSIT.
Introduction
The capacity of a multiple-input multiple-output (MIMO) system can be significantly enhanced if channel state information is available at the transmitter (CSIT) [1] . It is a common assumption that accurate channel state information at the receiver (CSIR) can be acquired through proper channel estimation [2] . In a time-division duplexing (TDD) system, based on channel reciprocity, CSIR obtained from the inbound channel can be used as the CSIT for the outbound channel. This is relatively accurate in a low-mobility environment. However, the CSIT obtained in this way can only partially represent the true channel condition in a highmobility environment [3] , [4] . This is because it takes time to complete channel estimation. When the channel changes rapidly, there can be considerable difference between the CSIR estimated at a particular time and the true channel condition for transmission at a later time.
Theoretically, even partial CSIT is still useful, but then conventional MIMO transmission techniques such as zeroforcing (ZF) may suffer from considerable performance loss [5] , [6] .
CSIT error may also affect relay systems [7] - [13] . Relay selection and diversity gain are studied for one-way relaying systems with partial CSIT [7] - [10] . Channel estimation, performance analysis and diversity-multiplexing tradeoff for two-way relay systems with partial CSIT are investigated in [11] - [13] .
Most existing works on relay systems assume dedicated relays [7] - [19] . Cost for deploying relays can be a serious concern in practice.
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We propose a MIMO two-way relaying [14] - [19] (MTWR) scheme in which the transmission between the BS and each high-mobility MU is assisted by other low-mobility MUs serving as relays. MTWR has the following advantages. First, it does not involve dedicated relays and so avoids the related costs. Second, MTWR retains the standard twophase signaling structure of the existing systems and so it can be implemented with a minimum change of system infrastructure. Third, MTWR can provide significantly improved throughput in high-mobility applications with partial CSIT when the number of MUs is large.
MIMO Two-Way Relaying (MTWR)
Consider a cellular MIMO orthogonal frequency-division multiple-access (OFDMA) system with a BS, K mobile users (MUs) and N s subcarriers. The MUs are denoted by {MU 0 , MU 1 , · · · , MU K−1 }. Let M and N (M ≥ N) be the antenna numbers of the BS and a MU, respectively.
For ease of discussion, we assume that there is only one high-mobility MU in the system. (The extension to more than one high-mobility MUs is straightforward.) Without loss of generality, let this MU be MU 0 . Only partial CSIT is available for the channels between the BS and MU 0 and those between MU 0 and the other (K − 1) MUs. Denote by H 0 the channel from the BS to MU 0 and G k (k = 1, 2, · · · , K − 1) that from MU 0 to MU k . We model H 0 and G k as [1] :
whereH 0 andḠ k are the known parts whileH 0 andG k are the unknown parts, and λ ∈ [0, 1] measures the quality of CSIT. The rest (K−1) MUs are assumed of low-mobility and so full CSIT is available for the channels between them and the BS (denoted by {H k , k = 1, 2, · · · , K − 1}). Furthermore, we assume full CSIR for all nodes. A dedicated OFDM subcarrier, denoted as S 0 , is assigned to MU 0 , on which MU 0 communicates with the BS via other (K − 1) low-mobility MUs serving as relays. The low-mobility MUs also communicate with the BS on other subcarriers via conventional OFDMA. The transmission process for MU 0 is as follows.
• In the multiple access phase, both the BS and MU 0 transmit while
their own signals from the BS on other subcarriers in a standard OFDMA manner.
• In the broadcasting phase,
forward their received signals to the BS and MU 0 on S 0 using the amplify-and-forward (AF) protocol. Meanwhile, they also transmit their own signals to the BS on other subcarriers.
We focus on the transmission between the BS and MU 0 . In the multiple access phase, the received signal of
where x BS and x 0 are, respectively, the transmitted signals of the BS and MU 0 , and n k is the additive white Gaussian noise (AWGN) vector. In the broadcasting phase, to assist MU 0 , the transmitted signals of
where F k is a precoder [1] , [3] , [4] , [15] - [19] and
In (4), P R is the sum power of
where tr(X) denotes the trace of matrix X and I is an identity matrix with a proper size. Finding the optimal design of precoders {F k } in (3) is complicated. For simplicity, we adopt a low-cost scheme [18] :
where " H " represents the conjugate transpose operation. Here we assume M = N. Otherwise, we can adopt the zero-padding method in [18] . The precoder defined in (6) is suboptimal, but it is shown in [18] that its performance is near-optimal for full CSIT when K is large.
For full CSIT, we setĜ k = G k in (6) [18] . On the other extreme, for no CSIT, we useĜ k = I [4] . For partial CSIT defined in (1), we adopt [3] 
With full CSIR, we assume perfect self-interference cancelation [14] - [19] . The received signals on S 0 of the BS and MU 0 are
where n BS and n 0 are AWGN vectors. The achievable rates at the BS and MU 0 on S 0 can be calculated as [15] 
where the factor of 0.5 is due to the two phase transmission, det(X) is the determinant of matrix X and
where P BS and P 0 are, respectively, the power of the BS and MU 0 . The sum rate of the MTWR scheme is
From (4)- (7) and (10), when K → ∞, using the law of large numbers, we have
where θ 1 , θ 2 , θ 3 and θ 4 are four constants. From (9) and (12),
The average achievable rate for MTWR when K → ∞ is
In (14), the increasing factor of N log 2 (K) is due to the beamforming effect provided by (K − 1) low-mobility MUs. Such a gain is available even when CSIT is partially known.
Conventional Approaches
For comparison, we briefly outline two conventional approaches. The first is conventional OFDMA, in which MU 0 communicates with the BS directly on S 0 . The received signal of MU 0 on S 0 is
where F 0 is a precoder of the BS and H 0 is defined in (1). The achievable rate of MU 0 in conventional OFDMA can be calculated as
We adopt a simple method in [4] to design F 0 . For large M, N and transmit power (denoted by P below), it can be verified that the achievable rate of R OFDMA is
. (17) In (17), the factor M N λ is due to the coherent beamforming gain through the known part (i.e.,H 0 ), while (1 − λ) is due to the non-coherent power gain through the unknown part (i.e.,H 0 ).
Zero-forcing (ZF) is another standard transmission technique for multi-user MIMO systems. With ZF, the signals to different MUs are transmitted simultaneously in orthogonal subspaces. This explores the advantage of the spatial diversity of MIMO while in the meanwhile avoids the interference problem. When full CSIT is available, the average achievable rate of ZF for fixed transmit power is [5] 
If CSIT is not perfect, the performance of ZF deteriorates rapidly due to cross-user interference.
From the above, the average rate for MTWR increases with K like N log 2 (K) even when CSIT is not perfect. On the contrary, the performance of conventional OFDMA remains unchanged with K and that for ZF deteriorates rapidly with CSIT error. Therefore MTWR is attractive when K is large, as shown by numerical results below.
Numerical Results
We now show the numerical comparisons for MTWR, conventional OFDMA and ZF. For simplicity, we assume that MU 0 is at the cell-edge while the rest (K − 1) MUs are uniformly and randomly located within a hexagonal cell. Each channel matrix contains identically and independently distributed (i.i.d.) random variables consisting of both largescale fading (including path loss and lognormal fading) and small-scale fading (i.e., Rayleigh fading). Path loss exponent is -4. The path loss factor from the BS to cell-edge is normalized to 1. For lognormal fading, the mean = 0 dB and standard variance = 8 dB. Rayleigh fading is obtained using circularly symmetric complex Gaussian random variables with zero mean and variance 1. Subcarrier number is N s = 1024. For a fair comparison, we assume that the power consumed by different schemes is the same. Figure 1 compares the average rates of MU 0 based on the three schemes for different λ. We can see that ZF outperforms conventional OFDMA when λ is large (i.e., when CSIT is reliable). This is because ZF can better exploit the spatial diversity of a MIMO system with reliable CSIT. However, ZF performance becomes poor when λ is small, which is due to cross-user interference when CSIT is not reliable. Clearly, MTWR significantly outperforms both ZF and conventional OFDMA and the difference is particularly noticeable when λ is small. This is because MTWR can provide beamforming gain using the available CSIT. Such a gain becomes very significant when K is large, which can justify the overhead in realizing the relaying functions.
The impact of increased K is elaborated in Fig. 2 for λ = 0.5. The performance of conventional OFDMA is used as a reference in Fig. 2. (We do not include ZF since its performance is poor at λ = 0.5 as seen from Fig. 1.) We can see that when K is mall, the achievable rate of MTWR is lower than that of conventional OFDMA since a small number of two-way relays cannot provide sufficient beamforming gain. When K is large, the beamforming gain becomes significant, as indicated in (14) . It is seen that MTWR significantly outperforms conventional OFDMA when K 16. This indicates the advantage of the proposed MTWR scheme.
Conclusion
We proposed a MTWR scheme for MUs with partial CSIT, which exploits the advantage of two-way relaying offered by low-mobility MUs serving as relays. The proposed scheme retains the same two-phase timing structure of conventional OFDMA in the TDD mode, and so there is no overhead for extra time-phases (which may be required in one-way relay systems). We compared the performance of MTWR with that of the existing ZF and conventional OFDMA methods and demonstrated that MTWR can provide significantly improved performance when the number of MUs is large and CSIT is not reliable.
